The coronavirus nucleocapsid (N) protein is a virion structural protein. It also functions, however, in an unknown way in viral replication and localizes to the viral replication-transcription complexes (RTCs). Here we investigated, using recombinant murine coronaviruses expressing green fluorescent protein (GFP)-tagged versions of the N protein, the dynamics of its interactions with the RTCs and the domain(s) involved. Using fluorescent recovery after photobleaching, we showed that the N protein, unlike the nonstructural protein 2, is dynamically associated with the RTCs. Recruitment of the N protein to the RTCs requires the C-terminal N2b domain, which interacts with other N proteins in an RNA-independent manner.
All positive-strand RNA viruses assemble their replication complexes in association with intracellular membranes. Coronaviruses, enveloped plus-strand RNA viruses, induce in infected cells the formation of double-membrane vesicles (DMVs) and convoluted membranes (CMs). These structures harbor the nonstructural proteins (nsp's) (9, 14, 25, 26, 28) and are associated with viral RNA synthesis (1, 9, 20, 22) . The nsp's, which jointly form the replication-transcription complexes (RTCs), presumably mediate the formation of these membranous structures by modifying endoplasmic reticulumderived membranes and by recruiting cellular components to their need.
In addition to the nsp's, coronaviruses express several structural proteins, including at least the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins (6) . The N protein packages the viral genomic RNA to form the helical nucleocapsid that is incorporated into the budding particle but also fulfills additional roles during the viral infection. It has been shown to function as an RNA chaperone (33) and to facilitate viral RNA synthesis (2, 5, 16) . Not surprisingly, the N protein localizes to DMVs and CMs, the sites where the RTCs are concentrated, in addition to the virion assembly sites (3, 7, 23, 28, 29) . Furthermore, the nucleocapsid protein contributes to the perturbation of several host cellular processes (reviewed in reference 27).
Recently, we demonstrated that nsp2, once recruited to the RTCs, is not exchanged for nsp2 molecules present in the cytoplasm and in other DMVs/CMs. That is, no recovery of fluorescence was observed when (part of) the nsp2-positive foci were photobleached (10) . Whether the other nsp's or the N protein pool associated with the RTCs also lacks mobility at these sites remains unknown. Of particular interest are the dynamics of the N protein, as it is involved in different, spatially and temporally separated steps of the viral life cycle. We hypothesized that the N protein is not permanently bound to the RTCs but rather possesses a manifest intracellular mobility, as it is probably not involved only in viral RNA synthesis but also in its transport from the site of synthesis to the virion assembly sites, where it participates in virion assembly.
To test our hypothesis, we studied the dynamics of the N protein localized at the RTCs by live-cell imaging. To this end, we generated a recombinant mouse hepatitis coronavirus (MHV) expressing an additional copy of the N protein Cterminally fused to green fluorescent protein (N-GFP). The coding sequence for N-GFP was introduced into the viral genome as an additional expression cassette between genes 2a and S by targeted RNA recombination as previously described (18) , thereby replacing the nonfunctional hemagglutinin-esterase gene (Fig. 1A) . The resulting recombinant virus, MHV-N-GFP, was viable; however, it was rapidly outcompeted by viruses that had lost expression of the N fusion protein. As we were unable to demonstrate incorporation of N-GFP into progeny virions, we speculated that the fusion protein acts as a dominant negative during virion assembly. Of passage 2, approximately 10 to 20% of the virus population expressed detectable levels of N-GFP (data not shown), which was sufficient for our experimental goal.
To determine whether the N-GFP fusion protein, when expressed from the viral genome, was recruited to the RTCs, LR7 cells were inoculated with MHV-N-GFP, fixed at 6 h postinfection (p.i.), and subsequently processed for immunofluorescence analysis. The results show that the N-GFP was present throughout the cytoplasm at a low level and was concentrated in cytoplasmic foci that were colocalizing with the RTC protein markers nsp2/3 (antibody D4) and nsp8 (anti-p22 antibody). Similar colocalization of the N protein with nsp2/3 was observed in cells infected with wild-type MHV (Fig. 1B) . To confirm the recruitment of N-GFP to the sites of viral RNA synthesis, we also studied the colocalization of N-GFP with newly synthesized viral RNA, using the Click-iT RNA detection assay (Invitrogen). Essentially all N-GFP-positive foci were also positive for newly synthesized viral RNA. Subsequently, immunoelectron microscopy was performed on MHV-N-GFP-infected cells, with the GFP tag labeled as described before (10) . Although only few gold particles per cell could be detected, the profiles clearly show that N-GFP localized to the DMVs (Fig. 1C ), which appeared here as empty vesicles as observed before when using the same immunoelectron microscopy procedure (10, 28) , as well as to the CMs (data not shown). All together, these results show that the N-GFP fusion proteins, when expressed from the viral genome, are recruited to the coronavirus replicative structures, which are corresponding with the active RTCs, similarly to the nontagged N protein (28) .
To study the dynamics of the N protein association with the RTCs, we performed fluorescence recovery after photobleaching (FRAP) analysis of MHV-N-GFP-infected LR7 cells. At 6 h p.i., specific regions of interest (ROI) that contained one N-GFP-positive structure were irreversibly photobleached and recovery rates were determined as previously described (10) . The photobleached N-GFP-positive structures had a reduction in signals to about 35% of that of the prebleached structures ( Fig. 2A and D; see also Movie S1A in the supplemental material). Within 60 s, the signal at the ROI recovered to 60% of the original signal intensity, indicating an exchange of N-GFP with its surrounding environment. Recovery after photobleaching was also observed when N-GFP was expressed from a plasmid transfected into cells prior to infection with wild-type MHV ( Fig. 2B and D; see also Movie S1B in the supplemental material). However, the mobility fraction (Mf) of N-GFP-positive foci in these cells was higher (Mf ϭ 63%) than that of N-GFP in MHV-N-GFP-infected cells (Mf ϭ 40%) ( Fig. 2D ). This might be attributed to the higher N-GFP expression levels in the transfected cells (compare Fig. 2A and B) (also data not shown). Although we previously did not observe any recovery of the nsp2-GFP signal in FRAP experiments (10) ( Fig. 2D ), we decided to simultaneously compare the recovery rates of N with those of nsp2 in the same cell. To this end, we cotransfected cells with plasmids expressing N-GFP and nsp2-mCherry (10) before infecting them with MHV. After subsequent infection with MHV, the N-GFP and nsp2-mCherry localized to partly overlapping cytoplasmic foci. Again, recovery of the N protein signal, but not that of nsp2, was detected after photobleaching ( Fig. 2C ; see also Movie S1C in the supplemental material), although the recovery of the N protein appeared to be less efficient than that in nsp2-mCherry-negative cells (Fig. 2B) . This difference might be caused by differences in expression level. Alternatively, overexpression of nsp2 might affect the recovery of N-GFP, for instance, by yet-unrevealed protein-protein interactions. In conclusion, at 6 to 7 h p.i., the nsp2 and N protein present at the RTCs display different motilities, with the nsp2 being much less mobile in the cell than the N protein. It will be interesting to analyze the motility of the N protein at other time points of the infection cycle as well. [24] ; kind gift of S. Baker) or nsp8 (anti-p22 antibody [15] ; kind gift of M. Denison). Production of newly synthesized viral RNA was visualized by using Click-It detection of RNA. To this end, infected cells were fed with 5-ethynyl uridine from 5.5 to 6.5 h p.i., after which the cells were fixed. (C) HeLa-CEACAM1a cells infected with MHV-N-GFP and control cells (mock) were fixed at 6 h p.i. and processed for immunoelectron microscopy using antibodies against GFP. Arrowheads indicate colocalization sites between N-GFP and either RTC protein markers (B) or DMVs (C).
Next, we elucidated which part of the N protein is required for its dynamic recruitment to the RTCs. We made use of the recently described set of recombinant MHVs (12), each expressing, in addition to the full-length N protein, one of the following N-terminally GFP-tagged N segments: N1a (amino terminus), N1b (corresponding to the previously designated N-terminal domain [NTD]), N2a (region linking N1b and N2b), N2b (corresponding to the previously designated Cterminal domain [CTD]), and NBd3 (carboxyl terminus) ( Fig.  3A ) (see references in reference 12). We infected cells with these recombinant MHVs and analyzed at 6 h p.i. the recruitment of GFP-N domains to the RTCs after immunostaining them with antibodies directed against nsp8 (Fig. 3B ). None of the N protein segments, with the exception of GFP-N2b (Fig.  3B) , was efficiently recruited to the RTCs. As a result, the N2b domain probably contains the information required for recruitment of the N protein to the RTCs, at least in the presence of a full-length N protein. To a minor extent, some colocalization of GFP-N2a with nsp8 was also observed, which is in agree-ment with this domain interacting with nsp3 (12a). Importantly, the FRAP experiments showed that the dynamic association/dissociation of GFP-N2b with the RTCs was similar to that of the full-length N-GFP (data not shown). Interestingly, all of the N protein segments except N2b also localized to the nucleus. Also, the full-length protein hardly localized to the nucleus (Fig. 1B) . The biological significance of these observations is not clear at present.
The N2b segment has been demonstrated to be involved in both N protein self-interaction and binding to the RNA (see references in reference 12). To determine which of these two interactions is essential for the recruitment of the N2b fragment to the RTCs, we performed coimmunoprecipitation experiments. To this end, cells infected with the different recombinant MHVs were metabolically labeled as previously described (10) from 5 h to 7 h p.i. Subsequently, cell lysates were prepared and immunoprecipitations were performed essentially as described previously (31) either in the presence or absence of the anti-GFP antibody (Fig. 4A) . When immuno- , or cotransfected with pN-GFP (green) and pnsp2-mCherry (red) expression vectors and subsequently infected with MHV-A59 (C). Representative-experiment snapshots with the ROI indicated by white circles are depicted. (D) Fluorescence recovery graphs for photobleached ROIs from panels A (n ϭ 5) and B (n ϭ 4) are shown and compared with identically generated graphs for MHV-nsp2-GFP (n ϭ 10) from a different study (10) . Mf, mobile fraction, defined as the percentage of fluorescence recovery at the bleached site. precipitations were performed in the absence of the anti-GFP antibody, very low levels of full-length N protein were detected, likely due to the nonspecific binding to protein A Sepharose. In the presence of anti-GFP antibody, proteins bands corresponding to the different fusion proteins were observed. Importantly, wild-type, nontagged N protein was efficiently coimmunoprecipitated in cells infected with viruses expressing N-GFP, GFP-N1b, or GFP-N2b (Fig. 4A ). Since GFP-N2b, but not GFP-N1b, was recruited to the RTCs (Fig.  3B) , we subsequently investigated whether these interactions were dependent on the presence of viral RNA. To this end, the immunoprecipitates were treated with RNase A (17) . As expected, the interaction between wild-type N protein and fulllength N-GFP protein was lost after RNase A treatment (Fig.  4B ) (17) . The same result was obtained for the GFP-N1b protein, whereas for the GFP-N2b protein, the interaction with N was maintained after RNase A incubation (Fig. 4B ).
In this study, we show that the N protein, in contrast to nsp2 (10) , is dynamically associated with the RTCs. The dynamics of other proteins present at the RTCs have not yet been evaluated. Whereas nsp2 may be immobilized within an elaborate network of protein-protein interactions (10, 19, 30) , this is apparently not the case for the N protein. We hypothesize that the difference in mobility between nsp2 and N likely reflects their different functions in the viral life cycle. Although the function of nsp2 at the RTC is not known, the N protein is a multifunctional protein that facilitates RNA synthesis but also plays an essential role in virus assembly and is presumably involved in facilitating the transport of the viral genome from its location of synthesis to the virion assembly sites. The dynamic nature of the N protein at the RTCs may be a prerequisite for the N protein to exert and coordinate its diverse functions. The N2b domain appeared to be required for N protein recruitment to the RTCs and was furthermore engaged in RNA-independent N-N interactions. The latter observation is consistent with previous studies that showed the importance of the CTD domain in N protein self-interactions (4, 8, 11, 13, 21, 32) . Conceivably, GFP-N2b is recruited to the RTCs by binding a wild-type N protein molecule. We can, however, not rule out that its association with the DMVs is mediated by another RTC component. Strikingly, in contrast to N1b and NBd3, the N2b domain hardly appeared to be incorporated into progeny virions (12) . This was ascribed to its presumed inability to compete with full-length N monomers as the nucleocapsid condenses to be incorporated into the budding virion. Another explanation might be that RNA binding is an essential requirement for incorporation of N into virions, a feature the N2b did not seem to possess (12) . Apparently, different N protein requirements exist with respect to its recruitment to the RTCs (this study) and its incorporation into virus particles (12) . Differences in protein behavior are also observed between GFP-N2b and N-GFP. While the full-length N-GFP protein was efficiently recruited to the RTCs, more so than with GFP-N2b (compare Fig. 1B and 3B ), its interaction with wild-type N protein was largely sensitive to RNase A treatment in the same manner as was GFP-N1b, which was not recruited to the RTCs. We speculate that while protein-protein interactions between N molecules are required for RTC recruitment, these interactions are somehow additionally influenced or converted by the presence of other N protein domains, for example, via N-RNA interactions.
